Exploring the p-n junction region in Cu(In,Ga)Se 2 thin-film solar cells at the nanometer-scale In this work we study the CdS/Cu(In,Ga)Se 2 p-n junction region in Cu(In,Ga)Se 2 thin-film solar cells using atom probe tomography. A Cu-, Ga-depleted, and Cd-doped region of about 1 nm thickness is detected at the Cu(In,Ga)Se 2 side of the CdS/Cu(In,Ga)Se 2 interface. Furthermore, Cd is also found to be enriched at Cu(In,Ga)Se 2 grain boundaries connected to the CdS layer. Na and O impurities decorate the CdS/CIGS interface, where Na-rich clusters are preferentially located in CdS regions abutting to Cu(In,Ga)Se 2 grain boundaries. The experimental findings of this work demonstrate the capability of atom probe tomography in studying buried interfaces and yield vital information for understanding and modeling the p-n junction band structure in Cu(In,Ga)Se 2 solar cells. Thin-film solar cells based on CuInSe 2 (CIS) and Cu(In,Ga)Se 2 (CIGS) are among the most promising candidates for large-scale photovoltaic energy conversion because of their high efficiency, long-term stability, and low-cost production.
1-3 The current record energy conversion efficiency for CIGS solar cells is 20.3%, which is the highest among all thin-film photovoltaic technologies. 4 Despite the outstanding performance of CIGS solar cells, the exact chemical composition at the CdS/CIGS interface has remained unknown, in particular, at or below the nanometer scale. Such lack of information has impeded understanding and accurate modeling of the band structure at the p-n junction region.
The CdS/CI(G)S interface was previously investigated by energy dispersive x-ray spectroscopy (EDX), [5] [6] [7] x-ray photoelectron spectroscopy (XPS), 8 Auger electron spectroscopy (AES), 8 secondary ion mass spectrometry (SIMS), 8 and scanning Kelvin probe microscopy (SKPM). 9 These studies showed that the buffer/absorber layer interface is intermixed. Furthermore, some of the authors measured a Cd-doped zone close to the CI(G)S surface. 5, 6 However, no accurate compositional data of these Cd-doped regions exist due to the limited spatial resolution of these techniques.
Recently, we studied the compositional gradient across the CdS/CIS interface with sub-nanometer resolution 10 using laser-assisted atom probe tomography (APT). 11 We could clearly resolve a Cd-enriched/Cu-depleted zone of $2 nm in thickness at the CIS surface. However, the conclusion of the previous study was that the APT results for this particular CIS solar cell cannot be generally transferred to CIGS solar cells, as different compositions and growth recipes for the absorber layers might result in different compositional gradients at the CdS/CI(G)S interface. Therefore, the current work elucidates the elemental distribution across the p-n junction region in a CIGS thin-film solar cell using APT.
Both, absorber composition (Ga is present in CIGS but not in CIS) and growth processing (multi-stage 12 instead of single-stage growth 13 ) differ substantially from the previous work. 10 In contrast to the single-stage process, which only shows a slight In concentration gradient, 13 the multi-stage grown absorber has a cup-shaped Ga profile and domeshaped In profile typical of multi-stage grown absorbers.
14 Such concentration profiles lead to bandgap grading which is favorable for charge carrier collection and the CIGS cells obtained from the current multi-stage process yield much higher energy conversion efficiency ($15% 14 ) than the previously studied single-stage grown CIS solar cell ($9% 10 ). Thus, the APT data presented in this work are more representative for high-performance CIGS solar cells. In addition to the compositional gradients at the CdS/CIGS interface, we report on the distribution of impurities, namely, Na and O, at the CdS/CIGS interface. We demonstrate that APT yields vital information for modeling the p-n junction band structure in Cu(In,Ga)Se 2 solar cells.
The studied solar cell was fabricated by co-evaporation of a polycrystalline CIGS absorber film
Mo-coated sodalime glass substrate in a multi-stage inline process. 12 A CdS layer ($60 nm in thickness) was deposited on top of the CIGS film by chemical bath deposition (CBD), using a mixture of CdSO 4 , ammonia, and thiourea. For simplifying the preparation of needle-shaped APT samples, the CdS layer growth was done for several times to obtain a thicker CdS layer, where no ZnO layer was deposited. Reference cells were completed with a thin CdS layer ($60 nm), a ZnO front contact layer, and an Al metal grid, which yielded a cell efficiency of 15%.
The microstructure of the CdS and CIGS film was studied by (scanning) transmission electron microscopy ((S)TEM), using a JEOL 2200 FS TEM operated at 200 kV. APT experiments were performed with a local electrode atom probe (LEAP TM 3000X HR, Cameca Instruments), applying laser pulses of 532 nm wavelength, 12 ps pulse length, and an energy of 0.1 nJ per pulse at a repetition rate of 100 kHz. The specimen base temperature was about 60 K. APT samples were prepared using a dual beam focused-ion-beam (FIB) (FEI Helios Nanolab 600) according to the procedure Fig . 1 shows the cross-sectional bright-field STEM image of the stacking CdS (400 nm)/CIGS (2 lm)/Mo (570 nm). In contrast to the polycrystalline CIGS layer ($0.5 to 2 lm in grain size, see Fig. 1 ), the CdS layer consists of nanometersized grains ($5 to 10 nm, see Fig. 2(a) ). In the present work, we mark an interface region not directly abutting to a CIGS grain boundary (GB) by CdS/CIGS GI and an interface region next to a CIGS GB by CdS/CIGS GB , as shown in Fig. 1 . Fig. 2(a) shows a TEM image of an APT tip containing the CdS/CIGS GI interface, which is oriented almost perpendicular to the tip axis (z axis). The amorphous layer formed at the tip surface during the FIB milling process at 30 keV was removed by 5 keV FIB milling before performing the APT analysis. Fig. 2(b) shows the 3D elemental maps containing the CdS/CIGS GI interface and the distribution of Na and O impurities close to this interface. Fig. 3 shows a proximity histogram (or proxigram) 16 obtained from APT across the CdS/CIGS GI . The interface can be defined by an iso-concentration threshold level of 7 at. % In at the intersection between the Se and S profile, as no Se or S diffusion in CdS or CIGS is expected during CBD. 17 The region between À1 and þ1 nm in the proxigram represents the interface region. As seen in this plot, the CdS/CIGS GI interface is rather diffuse ($2 nm in width), which could be partly due to different evaporation fields of the CIGS and CdS layer and a corresponding reconstruction artefact. 18 Furthermore, at the CIGS surface, there is a distinct zone of $1 nm in width (marked in grey in Fig. 3 ) in which the Cu and Ga concentrations gradually decrease while the In and Se concentrations remain almost constant. In this region, a significant Cd-enrichment can be detected. The blue and orange dashed areas in Fig. 3 give the concentrations of the "missing" Cu and Ga ions, respectively, whereas the black dashed area gives the "surplus" Cd ions at the CIGS surface. ), which are nearly identical. In accordance with our previous reports on single stage CIS solar cells, 10 we propose that Cu vacancies within the first 2-3 atomic monolayers of the CIGS surface may be occupied by Cd atoms, forming Cd Cu þ donor defects. This scenario is likely due to the similar ionic radii of Cd 2þ (0.097 nm) and Cu þ (0.096 nm) ions. 5 The ionic radius of Ga 3þ is reported to be only 0.062 nm. Thus, the occupation of vacant Ga-sites to form Cd Ga À acceptor defects does not appear to be favorable in terms of elastic strain. For a complete understanding of Cd-related point defects in CIGS, first-principles calculations are needed.
The Cu depletion at the CI(G)S surface may be ascribed to the formation of a Cu depleted surface during CI(G)S deposition, so-called surface reconstruction, [19] [20] [21] or/and also to Cu dissolution in the chemical bath during the CdS deposition. 7 Furthermore, our current and previous APT data 10 do not show the existence of an ordered vacancy compound (OVC-Cu(In,Ga) 3 Se 5 ), as proposed by Schmid et al., 22 at least for the evaluated datasets.
The average CdS composition determined from the concentration profiles exhibits a slight deviation from the nominal 50:50 stoichiometry (see Fig. 3 ). This is due to overlapping mass-to-charge peaks, namely, 113 Cd þ and To determine a more accurate value for the actual composition of the CdS layer, its mass spectrum was evaluated separately. Overlapping mass peaks were deconvoluted by taking into account the isotope abundances. The values corrected by this procedure are shown for both CdS and CIGS in Table  I . The detected average composition of CdS is close to the nominal 50:50 stoichiometry, whereas a very low content of Se and no Cu, In, or Ga was detected in the CdS phase.
The 3D map in Fig. 2(b) shows that O is enriched at the CdS/CIGS GI interface (0.8 6 0.2 at. % for O), whereas the Na enrichment is not so prominent in the 3D map. Nevertheless from 1D concentration profile (not shown here), we could detect a slight Na enrichment (0.3 6 0.1 at. %). Furthermore, we detected higher impurity contents in CdS than in CIGS bulk (see Table II ). We may assume that Na and O are segregated at the CIGS surface during the CIGS deposition at $600 C and successively diluted in the CBD solution to be finally redeposited with the CdS layer. Our results are in good agreement with the data of Heske et al., 23 who detected Na enrichment at the CdS/CIGS interface by x-ray emission spectroscopy (XES). Also, our previous studies on single stage CIS solar cells showed similar distributions of Na and O at the CdS/CIS interface. 24 One might speculate that the Na and O impurities in the CdS layer could change the electrical properties of the CdS layer, as it is the case for CIGS and CIS, and thereby improve the device performance. Fig. 4(a) shows the 3D atom maps including the CdS/ CIGS GB interface. The interface was oriented nearly parallel to the tip axis to probe a larger area of the CdS/CIGS interface than in Fig. 2 . As specified before, a thin Cu-depleted and Cd-enriched CIGS surface layer was observed (not shown here). The CdS and CIGS compositions determined by deconvolution of overlapping peaks are shown in Table I (see APT-2), where the composition values for CdS and CIGS are similar to those determined in APT-1. Fig. 4 (a) also reveals a GB in the CIGS layer, which is nearly perpendicular to the CdS/CIGS interface and enriched with Cd, Na, and O. This result shows that the GBs in the CIGS layer serve as fast diffusion paths for solutes/impurities, i.e., for diffusion of Cd into CIGS as well as for diffusion of Na and O from the soda-lime glass substrate into CIGS and to its surface. Although the deposition of the CdS layer occurs at very low temperature (typical temperature of CBD solution is $65 C), Cd diffusion along CIGS GBs obviously takes place. The high diffusivity of Cd along CIGS GBs is an indication for a high concentration of Cu vacancies at the GBs. Fig. 4(b) shows that Na is strongly enriched in the region close to the CdS/CIGS GB interface, whereas O is only slightly enriched at this interface. The high Na-concentration at the CdS/CIGS GB interface ($10 6 1 at. % Na, compared with O which is only 0.8 6 0.3 at. %) is due to the presence of Na rich-clusters in this area. These clusters contain in average 10 at. % of Na (the Na concentration inside the clusters varies between 6 6 0.5 and 22 6 2 at. %) with $150 atoms/ cluster, taking into account the detection efficiency of the APT system used in this work ($38%). The 3D atom map shown in Fig. 4 does not give any conclusion whether the Na clusters are located in the bulk or at the GBs of the nanocrystalline CdS layer.
APT gives accurate quantitative data on the number of Cu atoms replaced by Cd at the CIGS surface over the first $3 atomic monolayers at the CIGS surface. In this area, the Cd density ($10 22 cm
À3
) is substantially larger than the typical hole density in solar-grade CIGS films (10 15 cm À3   -10 17 cm
). 25 The composition profile across the CdS/CIGS interface is similar to that previously reported for the CdS/ CIS interface in a CIS solar cell. 10 It should be noted that the previously studied CIS thin-film was prepared by an inline FIG. 3 . Proximity histogram across the CdS/CIGS interface, defined by an iso-concentration threshold value of 7 at. % In. Fig. 2 ) and APT-2 (shown in Fig. 4) ).
APT-1 (Fig. 2 single stage process, 13 while the present CIGS thin-film was prepared by a multi-stage inline process, 12 hence with an entirely different growth recipe and absorber composition. Nevertheless, similar Cu and Cd trends across the CdS/ CI(G)S interface are measured.
Several models have been proposed in the literature for the p-n junction in CI(G)S solar cells. While most of these authors assume that the CI(G)S surface is Cu depleted, [19] [20] [21] only a few of them take into account the Cd-doping of the CI(G)S surface. 7, 8, 17, 26 Nakada 17 found that Cd diffuses 10 nm into the absorber layer and causes a buried homojunction, whereas Liao and Rockett 8 suggested that Cd is found only in the first 1-3 atomic layers of a CIS thin-layer. Our present and previous 10 results support the findings of Liao and Rockett. 8 The authors explained the beneficial effect of a high amount of positive charge in the type inverted surface region (Cd Cu þ -doping of the CI(G)S surface) by the fact that the Fermi level is pinned at the interface close to the conduction band. This configuration is very stable and reduces the recombination activity at the CdS/CI(G)S interface. However, the presence of buried homojunction regions cannot be completely excluded, as previous reports showed that open pores in the absorber layer can be infiltrated and filled with CdS during CBD. 7, 10 In the present work, we have also shown that Na and O atoms, originating from the SLG substrate, are segregated at the CdS/CIGS interface. As these impurities are expected to change the electronic band structure, their effects on the charge separation and recombination mechanisms at the p-n junction remain to be studied.
The main experimental findings of our APT studies on the CdS/CIGS interface can be summarized as follows:
First, a Cu-and Ga-depleted as well as Cd-doped region were detected at the CIGS side of the interface. Second, Cd is found to be enriched not only at the CIGS side of the interface but also at the CIGS GBs connected to the CdS layer. With respect to the existing models, the Cd diffusion inside the CIGS grain and in the CIGS GBs may prove the existence of a zone within the CIGS absorber layer which is inverted from p-to n-type. Third, Na and O impurities are found to decorate the CdS/CIGS interface, where Na-enriched clusters are detected in the areas close to CIGS GBs. Fig. 4(a) .
